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Sumimary

LDL and HDL became more fluid when healthy, free-living, premenopausal women were fed reduced
fat diets with higher proportions of polyunsaturated fatty acids. Lipoproteins were isolated from plasma of
31 female subjects fed one of two sets of diets from typical U.S.A. foods with P /S ratios of 0.3 or 1.0. All
subjects were fed high-fat diets (40% of energy) for the duration of four menstrual cycles followed by
low-fat diets (20% of energy) for the next four cycles. Blood samples were collected during mid-follicular
and mid-luteal phases of the fourth menstrual cycle of each diet period to assess interactive dietary and
hormonal control of lipoprotein fluidity. LDL was significantly more fluid, as determined by DPH
fluorescence, upon reducing fat consumption from 40 to 20% of energy for subjects eating foods with
P/S =10 or 0.3. Generally LDL was more fluid during the follicular phase than the luteal phase of the
cycles, thus indicating hormonal influences on LDL fluidity. HDL results were similar but not as
pronounced as with LDL. Lipoprotein phospholipid (PL) and cholesteryl ester (CE) fatty acyl composi-
tions were also subject to dietary and hormonal influences. Effects were noted in several fatty acids
depending upon diet and hormonal state; however, generally diet fat reduction resulted in reduced
linoleate and increased oleate contents. Regression analyses showed that fluidity was more dependent
upon the lipoprotein cholesterol content than upon fatty acyl composition.

Key words: Dietary fat; Hormonal influence; Lipoproteins; Lipoprotein composition; Premenopausal
women
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tion and physical chemical properties in males,
but relatively few data are available for women.
Indeed atherosclerosis research has been directed
primarily at men, since premenopausal women
have a much lower incidence of arteriosclerosis
than males of the same age. Under age fifty, 90%
of arteriosclerotic events occur in men {1}, but
after menopause women appear to lose their ad-
vantage, with the incidence of myocardial infarc-
tion similar for both sexes {2-4] in the sixth and
seventh decades of life. The protective agent in the
younger women is thought to be estrogen, and
indeed increases in atherosclerotic risk parallel
reductions in endogenous secretion of the
hormone.

High density lipoprotein cholesterol (HDL-C)
levels, an important negative risk factor for
coronary heart disease [6], are generally greater in
women than in men [7.8)], and exogenous estrogens
[9] are known to affect HDL-C levels; hence it 1s
thought that hormone-related protection of wo-
men from heart disease operates through control
of HDL-C levels. Hormonal control of lipoprotein
cholesterol levels has been reported [10-12], with
HDL-C higher in premenopausal women than in
adult men and low density lipoprotein cholesterol
(LDL-C) lower in the women. We have demon-
strated a sex-related difference in lipid phase
fluidity in HDL from miniature swine [13]. Fol-
lowing puberty HDL became progressively more
rigid with age in the male minipig but not in the
female despite identical diets. We have reported
[14] that moderate increases in dietary linoleate in
men increased LDL fluidity, apparently through
control of L.LDL phospholipid fatty acyl unsatura-
tion. There have been studies [15-18] in women of
dietary fat modification, i.e. percent fat and P/S
ratio, effects on plasma lipids, but only one study
[19], with a few subjects, of modulation of lipopro-
tein fluidity in women. More fluid lipoproteins
may offer some protection against heart disease by
affecting lipoprotein / receptor interactions and /or
by modulating reverse cholesterol transport by
HDL. In the present work we studied dietary and
hormonal status effects on lipoprotein composi-
tion and fluidity in adult women by feeding high-
fat, 40% of energy, and low-fat, 20% of energy,
diets with P /8 ratios of 0.3 and 1.0 and examining

lipoproteins from blood samples taken during the
follicular and luteal phases of the menstrual cycle.

Materials and methods *

Subjects and experimental diets

Premenopausal women aged 20-40 years were
recruited from the Beltsville, MD area to par-
ticipate in a study of the effects on various bio-
logic parameters [20-24] of eating high-fat (40%
of energy) versus low-fat (20% of energy) diets at
low, 0.3, or high, 1.0, P/S, ratios of polyun-
saturated to saturated fatty acids. Ninety-seven
volunteers were [irst screened as potential subjects
to be sure that there was no history of metabolic
or chronic disease, no regular medications includ-
ing oral contraceptives, no menstrual irregular-
ities, no current or recent (1 year) pregnancy or
lactation and no unusual dietary patiern, e.g.
vegetarian. Forty women meeting these criteria
were then further screened with a more detailed
medical history, physical examination and labora-
tory tests to ensure good health. Subjects whose
weights were less than 90% or greater than 120%
of the 1983 Metropolitan Life Insurance *desirable
weights’ [25] were excluded. Thirty-seven women
passed the screening and entered the study but
only 31 subjects completed the entire nine-month
study. The data presented here represent only the
31 women who completed the study. All the pro-
cedures were approved by the Human Studies
Committees of the U.S. Department of Agricul-
ture, the National Institutes of Health and the
Georgetown University Medical School.

Subjects were paired on relative weight basis
(weight/ height) and randomized to one of two
dietary groups, P/S=03 or P/S=10, which
were maintained throughout both the high- and
low-fat dietary regimens. Smokers (n=7) were
evenly represented in both P/S groups. After a
pre-diet free-choice period lasting one menstrual

* Mention of a trademark or proprietary product does not
constitute a guarantee or warranty of the product by the
U.S. Department of Agriculture, and does not imply its
approval to the exclusion of other products that may also be
suitable.
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eycle, the women were placed on the high-fat diets
for four menstrual cycles and then switched to the
low-fat diets for a similar period of four menstrual
cycles. Thus, 16 women consumed diets with 40%
of -energy from fat, P/S=1.0, from October/
November until February/March and diets with
20% of energy from fat, P/S = 1.0, from
February / March until May /July, while the other
15 women concurrently ate diets with 40% of
energy from fat, P/S =03, from October/
November until February/March and diets with
20% of energy, P/8S = 0.3, from February/March
until May/July. There was no break between the
dietary periods. The variation in starting and
finishing dates for the dietary regimens reflects the
individual menstrual cycles of the subjects. Thus
in all data presentations in this paper » = 31 for
data from the self-selected prestudy period, n = 16
for data for subjects eating P/S = 1.0 diets and
n=15 for data from subjects eating P/5 =03
diets.

Diets contributing either 40% or 20% energy
from fat with P/S ratios of 0.3 and 1.0 were
formulated from commonly available foods.
Nutrient compositions of the diets were calculated
using the Lipid Nutrition Laboratory database
derived from data on food composition from the
USDA, the food industry, the Nutrient Coding
Center in Minneapolis, and by analysis. A 14-day
menu cycle was used to provide variety and main-
tain acceptability of the diets. Caloric intakes were
adjusted, within the constraints of the dietary for-
mulations, to maintain constant body weight. All

TABLE 1
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nutrients for which food data are available were
provided by the diets in amounts needed to meet
the Recommended Dietary Allowances [26]. Re-
duction of energy from fat was compensated for
by increasing carbohydrate content, but with the
ratio of complex to simple sugars maintained at
approximately 1:1. Protein levels were held at
16-17% of energy. The mean daily dietary intake
for the two P/S groups during the high- and
low-fat periods is shown in Table 1.

The controlled diets were prepared in the Hu-
man Studies Facility of the Beltsville Human
Nutrition Research Center (BHNRC). Weekday
morning and evening meals were eaten in the
BHNRC dining facility, and a carry-out lunch was
provided. Meals for Saturdays, Sundays and holi-
days were prepacked and distributed for home
consumption. Alcohol consumption was not al-
lowed during the controlled diet study.

Blood sampling and lipoprotein isolation

Morning fasting blood samples were collected
during two successive S-day periods corresponding
to mid-follicular and mid-luteal phases of the
menstrual cycle, as estimated from menses dates,
during the pre-study ‘baseline’ period and the
fourth cycle of each experimental diet period.
Estimates of the times for the follicular and luteal
phases of the cycle were corroborated by monitor-
ing urinary and plasma sex hormone levels [27,28].
Disodium EDTA was used as anticoagulant. Blood
cells were removed by low-speed centrifugation
(2250 X g, 15 mwin, 4°C), and chylomicrons and

AVERAGE NUTRIENT COMPOSITIONS OF THE EXPERIMENTAL DIET (DAILY INTAKES AS MEANS + SEM)

Nutrient Fat (% of energy)

40%

20%

P/S ratio: 0.3 1.0 0.3 1.0

Energy (kcal) 2278 465 2180 +81 2260 +97 2208 +110
Protein (% kcal) 16 16 17 17
Carbohydrate (% kcal) 45 45 64 64

Fat (% kcal) 39 39 19 19
Cholesterol (mg) 374 +11 289 +10 230 + 9 199 + 9
Saturated fat (g) 442+ 1.3 268+ 1.1 209+ 0.7 123+ 0.6
Oleic acid (g) 305+ 09 335+ 1.4 149+ 0.6 17.0+ 0.8
Linoleic acid (g) 146+ 0.4 26.1+ 09 69+ 0.2 129+ 0.6
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other large particles (S;> 400) were removed by
flotation (26,000 X g, 30 min, ambient tempera-
ture). The major Jipoprotein fractions were 150~
lated from the chylomicron-free plasma by
sequential ultracentrifugal flotation using stan-
dard techniques [29,30). Plasma or plasma diluted
with 0.195 molal NaCl (p= 1.006 g/ml) was
centrifuged for 18 h at 40,000 rpm in a Beckman
ultracentrifuge (40.3 rotor) to concentrate VLDL
at the tops of the centrifuge tubes. After removal
of the first ml containing the VLDL and a second
reference ml, the 4 mi infranatant was mixed with
2 ml of a NaCl/NaBr solution (p = 1.182 g/ml)
and centrifuged for an additiopal 18 h to con-
centrate LDL, the fraction floating at p = 1.063
g/ml, at the tops of the tubes. After removal of
the first ml containing the LDL and a second
reference ml, the 4 ml infranatant was mixed with
2 ml of a NaCl/NaBr solution (p = 1.478 g/ml)
and centrifuged for 24 h to concentrate the HDL
fraction floating at p=1.216 g/ ml at the tops of
the centrifuge tubes. To minimize losses, syringes
and cannulas were rinsed with 0.195 molal NaCl
which was added to the isolates. Lipoprotein frac-
tions as isolated were in the first ml, as the second
or reference mi was usually lipid-free. Lipoprotein
recoveries were assessed by comparing the sums of
VLDL, LDL and HDL cholesterols with the
plasma cholesterols and by comparing these re-
sults with data obtained with the microfractiona-
tion method of Bronzert and Brewer [31]. Lipo-
protein recoveries averaged 90% and the calcu-
lated individual recoveries were factored into the
lipid analytical data presented in this paper.

Fluidity measurements

Lipoprotein fluidity was assessed as a function
of temperature between 20° and 40°C by de-
termining the anisotropy of fluorescence from the
probe 1,6-diphenyl—l§3,5—hexatriene (DPH) using
the methods of Shinitzky and Barenholz [32]. DPH
(2 mM in tetrahydrofuran) was diluted (1000-fold)
into the aqueous lipoprotein solution, which was
then incubated with agitation at 35-37°C for 2 h.

Steady-state fluorescence polarization intensity
was measured with an Aminco-Bowman spectro-
photofluorometer equipped with Glan-Thompson
prism polarizers. Excitation and emission wave-
lengths were 366 and 450 nm respectively. The

measured anisotropies were obtained from the in-
tensities of emission polarized parallel and per-
pendicular to the polarized excitation by the use
of standard formulae including an appropriate
grating correction [33,34]. Light scattering errors
were minimized by ensuring that the measured
anisotropies were concentration-independent.

Chemical analysis

Plasma and lipoprotein cholesterol and choles-
teryl ester contents were determined enzymatically
[35] using cholesterol oxidase alone for free
cholesterol analysis and in combination with
cholesterol esterase for total cholesterol analysis.
Triacylglycerol was determined enzymatically [36},
and chemical methods were used for protein {37]
and phospholipid [38] analyses. Enzymatic
analyses for cholesterol and triacylglycerol were
repeatedly standardized with pure cholesterol and
triolein (Sigma). Analyses were performed 1n tri-
plicate with standard curves redetermined for ev-
ery 40 samples.

Fatty acyl compositions of the LDL and HDL
phospholipid and cholesteryl ester fractions were
determined by gas chromatography [39]. Lipids
were extracted with CHCl,/CH ,OH by an adap-
tation [39] of the method of Sperry and Brand
[40], and the total lipids were separated into two
fractions consisting of neutral lipids and phos-
pholipids essentially as described by Rouser et al.
[41]. The total lipid, dissolved in a minimum
volume of chloroform (less than 500 pl), was
applied to a column containing 0.5 g Unisil
(Clarkson Chemical Co.), and CHCl; (15 ml) and
CH,OH (20 ml) were used to elute the neutral and
polar lipid fractions, respectively. The cholesteryl
ester fraction was separated from other neutral
lipids by thin-layer chromatography on silica gel
HR plates using hexane / diethyl ether/ acetic acid
(70:30:1) as the developing solvent. Studies with
pure materials and test mixtures confirmed the
accuracy, efficiency, completeness and reproduc-
ibility of the separations. Fatty acid methyl esters
for gas chromatography were prepared by trans-
esterification with methanotic HCl. Hepta-
decanoic acid was included with the samples as an
internal standard. Chromatography was per-
formed with a Hewlett-Packard Model 5700A gas
chromatograph coupled to a Model 3885A auto-
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mation system. The instrument was equipped with
dual flame ionization detectors and a Model 7671A
automatic sampler. Detection was in the dual dif-
ferential mode. Stainless-steel columns (1.8 m)
were packed with Supelcoport (Supelco) coated
with a slurry of 10% H,PO, modified ethylene
glycol succinate {39}

Statistical analyses

Data were subjected to analysis of variance,
linear regression analysis and the calculation of
correlation coefficients for the various measure-
ments. The model included sources of variation
due to diet changes in fat and unsaturation level
and hormonal state changes. Duncan’s multiple
range test was used to determine differences in
model classified, composition and anisotropy data.
All statistical analyses were performed using the
computer methodology of the Statistical Analysis
System [42].

Results and discussion

Steady-state DPH fluorescence anisotropies, 7,
at 37°C are presented in Table 2 as mean values
for lipoprotein samples obtained from the subjects

TABLE 2

DPH FLUORESCENCE ANISOTROPY, r, AT 37°C IN
THE SEVERAL LIPOPROTEIN FRACTIONS (MEANS+

SEM)

Lipoprotein  Diet Cycle phase
(energy %, Follicular Luteal
P/8)

VLDL Self-selected 0.095+0.003°  0.094+£0.002°
40, 0.3 0.11240.008*  0.092+0.003 °
20, 0.3 0115400072  0.115+0.005 2
40, 1.0 0.095+0.005°  0.097+0.003°
20, 1.0 0.10240.005 *® 0.110+0.006 *

LDL Self-selected 0.208-+0.002* 0.212+0.002*
40, 0.3 0.209+£0.002* 0.21340.002°2
20, 0.3 0.193+0.003 % 0.1974+0.004°
40,10 0.2044+0.008 *® 0.205+0.003 *
20,1.0 0.190+0.003¢ 0.196+0.004°

HDL Self-selected 0.19740.002%  0.196+0.002 *®
40, 0.3 0.199+0.003%  0.19440.003 2P
20, 0.3 0.161 +0.003 ®® 0.193+0.003 *®
40,1.0 0.195+0.003 *> 0.199+0.003 2
20, 1.0 0.187+0.004° 0.188+0.003°

¢ yalues with different superscripts in a column for a lipo-

protein are significantly different
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during the initial cycle, when they were eating
diets of their own choice, and during the fourth
menstrual cycle of each experimental diet period.
Values are shown separately for the follicular and
luteal phases of the cycles. Generally VLDL was
more fluid when the subjects ate the higher-fat
diets, but only significantly so for the luteal phase
samples. Lowering fat intake significantly in-
creased LDL fluidity in both P/S groups during
both phases of the menstrual cycle. Luteal-phase
data showed that HDL became significantly more
fluid when dietary fat was lowered from 40 to 20%
of energy for women eating P/S = 1.0 diets. Fat
level, however, had no effect on HDL fluidity in
the P/S = 0.3 group during the luteal phase. HDL
tended to be more fluid upon lowering fat, though
not significantly. in both groups of women during
the follicular phase. In general lipoprotein fluidi-
ties observed following the self-selected diet period
were similar to values obtained following the 40%
fat periods, the only exception being VLDL in the
follicular phase. These are statistically valid com-
parisons in that they correspond to changes in the
same women upon lowering fat; but upon compar-
ing the groups we noted that VLDL was more
fluid for the P/S = 1.0 group during the follicular
phase, and LDL was most fluid for subjects con-
suming the low-fat, high-P/S diet with r, signifi-
cantly lower than observed with women eating the
40% fat, P/S =03 diet. Clearly, both diet and
hormonal status influence lipoprotein fluidity, with
the Jow-fat {20% of energy) high polyunsaturated
fat (P/S = 1.0) diet vielding the most fluid lipo-
proteins.

Regression analyses demonstrated limited rela-
tionships between dietary unsaturates and fluidity
expressed as DPH anisotropy. Fluidity in VLDL
was related to oleate and linoleate intakes accord-
ing to the following equations: r,= 0.120-7.04 X
1074 (g 18:1/d) with P <0.0001 and r=0.3184
and r,=0.114-8.16 X 107 % (g 18:2/d) with P <
0.0003 and r = 0.2641. Fluidities in LDL and
HDL, however, showed inverse relations to oleate
and hnoleate intakes, indicating that dietary con-
trol of lipoprotein fluidity is much more complex
than merely involving the mass of unsaturated
fatty acid ingested. DPH anisotropy in LDL was.
significantly related to dietary cholesterol (C)
according to the equation: 7, = 0192 + 3.7 x10~°




100

(mg C/d) with P < 0.0001 when all LDL data are
combined. Similar relations were obtained for
LDL data for each of the menstrual phases, thus
indicating that dietary cholesterol reduces LDL
fluidity. No statistically significant relations were
observed between HDL-DPH anisotropy and di-
etary cholesterol. VLDL-DPH anisotropy was in-
versely related (P < 0.003) to dietary cholesterol,
indicating that control of VLDL fluidity is at a
more complex level. The modifications in dietary
lipids did, however, induce changes in lipoprotein
composition, including cholesterol and cholesteryl
ester contents and fatty acyl composition of the
phospholipid and cholesteryl ester (CE) fractions.

The major change in lipoprotein fluidity ob-
served in this study was in the DPH anisotropy as
indicated in the 37°C data in Table 2. Thermo-
tropic studies of DPH anisotropy exhibited mono-
phasic behavior in the range 20-40°C; however,
changes were observed in the temperature depen-
dence of fluidity. Slope values for Arrhenius plots
of r, versus 1/T for each lipoprotein fraction, at

TABLE 3
EFFECT OF TEMPERATURE ON DPH FLUORESCENCE

ANISOTROPY AS ARRHENIUS PLOT SLOPES, m,.

WHERE In 7,=1In 4+ m (1/T) FOR THE SEVERAL LIPO-
PROTEIN FRACTIONS

Values are means ( +SEM) for m X 10

Lipoprotein  Diet Cycle phase
{evergy %. P/5) Follicular Luteal
VLDL Self-selected 228+4004°% 233+005°
40, 0.3 195+016" 226+0.10°
20, 0.3 196+010° 19540.30°
40, 1.0 2134009 2194009 %
20, 1.0 21440142 2.08+0.08°%
LDL Self-selected 1.41+0.03°% 1.45+£003°
40, 0.3 1.41+0.04° 1.39+003°
20, 0.3 1.51+008%" 142+007°
40, 1.0 141+004°% 150+005°
20,10 1.56+005° 1.47+0.06°
HDL Self-selected 1.62+0.03* 1.60+0.03?
40,0.3 1.5940.04% 1.62+007%
20, 0.3 1.60+0062 1.63+0.04°
40, 1.0 1.57+006% 1.50£0.052
20, 1.0 1.65+0082% 1.56+0.06°

b yalues with different superscripts in the same column for a
lipoprotein are significantly different.

TABLE 4

EFFECT OF DIET AND HORMONAL STATE ON
PLASMA CHOLESTEROL AND TRIACYLGLYCEROL
LEVELS (mg/dl)

Diet Cholesterol
(energy %,
P/S)

Triacylglycerol

Follicular  Luteal Follicular Luteal
phase phase phase phase

40, 0.3 160.1 +8.2 1484+74 372427 b 432456
20,03 157.348.5 1522477 513446 ab 488+40
40,1.0 1519467 139.8+61 43.0+51°" 412438
20,1.0 153.8+6.6 1491180 5724987 538174

3t Eollicular-phase triacylglycerol values with different super-
scripts are significantly different. No statistically significant
differences were noted in the values in any other column.

the various dietary and hormonal states, are given
in Table 3. Higher P/S levels tended to increase
the temperature effects in VLDL though not al-
ways significantly. Hormonal state was important
in the LDL fraction, with diet modulating slopes
in the follicular-phase data but showing no effects
with the luteal-phase data. Lower fat (20% of
energy) increased the temperature modulation of
LDL fluidity during the follicular phase for both
groups of subjects but only significantly for those
eating P/S = 1.0 diets. No significant effects on
the HDL slope values were observed under any
experimental conditions. The only significant
change in VLDL was in reduction of thermotropic
effects on VLDL isolated during the luteal phase
upon lowering fat level for women eating P/S =
0.3 diets.

Plasma total cholesterol levels (Table 4) were
not affected by diet, but plasma triacylglycerol
levels showed non-significant increases on lower-
ing dietary fat percentage at either P/ S level. The
only significant difference was noted when com-
paring data for the 40% fat, P/S= 0.3 diet with
the 20% fat, P/S = 1.0 diet, but this comparison
involves different subjects. The alteration in
plasma triacylglycerol levels may be related to
increased lipogenesis induced by the higher
carbohydrate content of the 20% fat diet. Dietary
carbohydrate influences on lipid metabolism have
been reported [43-45]. Bhathena et al. [22] ob-
served elevated insulin levels when the subjects ate
the lower-fat (high carbohydrate) diets. Though
higher insulin levels might be associated with in-
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TABLE 5

L STATE ON EFFECT OF DIET AND HORMONAL STATE ON LDL AND HDL CHOLESTEROLS (mg/dl)

YLGLYCEROL
Lipo- Diet Follicular phase Luteal phase
protein (energy %, Free Ester. Free Ester.
yeerol P/8) cholest. cholest. cholest. cholest.
r o Luteal LDL 40,03 374+41° 672479 ° 4081397 578446 "
phase 20,0.3 236+26° 66.6+6.5 " 197+1.5°¢ 57.1+63°
7Y 432456 40, 1.0 337+422° 58.943.8% 3154260 547+39°
536 48.8+4.0 20, 1.0 17.8422° 581430 ° 223429¢ 581+3.37°
12> 41.243.8 ; .
3 538474 HDL 40,0.3 142+1.8° 386+4.1° 150+2.1° 326+4.0°
S 20, 0.3 18.5+2.1% 46.8£33°® 17242.1° 55.3+2.5%
different super- 40, 1.0 17.742.1° 39.6+4.3° 1584142 35.2422°
20, 1.0 1854192 56.2+4.6 2 21.0+£29° 445+33°

ically significant
other column.

® values in a column for a lipoprotein with different superscripts are significantly different.

tes, are given creased lipogenesis, the total spectrum of meta- triacylglycerol levels were less pronounced during
d to increase bolic regulatory hormones must be taken into the luteal phase. Apparenily estrogen secretion
1ough not al- account. Plasma insulin fevels were elevated dur- during the follicular phase of the menstrual cycle
/as important ing both menstrual phases, but increases in plasma resulted in a more pronounced mobilization of

ilating slopes
ing no effects

fat (20% of TABLE 6
wdulation of : EFFECT OF DIETARY FAT REDUCTION ON LDL PHOSPHOLIPID FATTY ACYL COMPOSITION, FOLLICULAR
hase for both PHASE DATA (FATTY ACID MOL PERCENTAGES AND U /S AND P/S RATIOS ARE MEAN VALUES)
tly for those Acid P/S: 0.3 1.0
nt effects on
d under any % Energy: 40.0 20.0 40.0 20.0
y significant 12:0 0.11° 0.34 2 ’ 0.18 0.25
thermotropic 14:0 0.82° 1427 0.79 1.09°
' 15:0 0.64 0.49 0.41 0.39
> luteal phase 16:0 33.64 32.11 32.40 33.85
cating P/S = 16:1 1.90 461 201° 265
: 18:0 14.85 13.28 15.74 2 1379 ®
able 4) were 18:1 15.00° 18.76 ® 16.05° 20.50 *
riacylglycerol 18:2 19.44 2 15.82° 19.25 16.34
| : 18:3 0.45 1.80 049" 0.66 *
ses on lower- 20:0 0.85 0.76 0.84 % 0.66
/S level. The 20:3 3.53° 265° 3250 215"
d when com- 20:4 2262 1.57° 1.42 1.32
0.3 diet with 20:5 0.59 0.81 0.72 0.74
. : 22:5 0.61 0.28 0.83 0.60
S comparison ff 22:6 0.52 0.51 0.87 0.64
alteration in ' 24:0 219 1.98 2372 1.84°
be related to ; 24:1 2.79 2.76 2.38 2.48
.the blgher : U/se 0.89 0.90 0.91 0.94
diet. Dietary P/S 0.52% 0.42° 0.52 0.44
abolism have -
- al. [22] ob- * Values for a fatty acid or ratio with different superscripts for a P/S group are significantly different, thus indicating a change in

. the mole percent of that fatty acid or the mole percent ratio when fat intake is lowered from 40 to 20% of energy. Superscripts are
e subjects ate . e
omitted when there are no significant effects.

liets. T'hou.gh ° U/S and P/S values were calculated by dividing the total moles unsaturated (U) or polyunsaturated (P} fatty acids by the total
ated with in- : moles saturated fatty acids.




triacylglycerols from depot fat when the subjects
ate less fat. Diet did not affect plasma cholesterol
levels, but there was an apparent cycle effect, with
plasma cholesterol lower during the luteal phase
than during the follicular phase of the cycle re-
gardless of diet treatment. Jones et al. [20] have
reported on this effect elsewhere and suggested
that the changes correspond to alterations in LDL
cholesterols. Estrogen-induced lowering of
cholesterol in rats has been reported and has been
associated with increased cholesterol catabolism in
the liver [46]. Cyclic reductions in plasma
cholesterol may result from estrogen modulation
of LDL binding to its receptor. Kovanen et al. {47]
demonstrated increased L.DI, binding by hepato-
cyte membranes from rats treated with 17a-ethinyl
estradiol.

Free and esterified cholesterol data are given in
Table 5 for both LDL and HDL. Lowering fat

TABLE 7

intake reduced LDL free cholesterol but had no
effect on LDL cholesterol ester content regardless
of P/S level or menstrual cycle phase. LDL free
cholesterol was significantly higher for the women
eating the 40% fat, P/S = 0.3 diet than any other
during the luteal phase of the cycle. During both
phases of the menstrual cycle HDL-CE content
was higher for the lower-fat diets while HDL free
cholesterol was not affected. HDL-CE was signifi-
cantly higher at the 20% fat P/S = 1.0 diet than
any other. This may reflect an enhanced ability of
the HDL to transport cholesteryl ester from pe-
ripheral tissue for catabolism when a diet high in
polyunsaturates is consumed. Mechanisms have
been proposed [48] whereby more fluid HDL has
an enhanced capacity for ‘reverse cholesterol
transport’.

LDI phospholipid fatty acyl compositions are
given as mole percentages in Tables 6 and 7 for

EFFECT OF DIETARY FAT REDUCTION ON LDL PHOSPHOLIPID FATTY ACYL COMPOSITION, LUTEAL-PHASE
DATA (FATTY ACID MOL PERCENTAGES AND U/S AND P/8 RATIOS ARE MEAN VALUES)

Acid P/S: 0.3 1.0
% Energy: 40.0 . 200 40.0 20.0

12:0 0.14" 0.26 2 0.12 0.16
14:0 097° 1.29* 0.74° 1.08 2
15:0 0.55 047 0.37 0.38
16:0 36.07 34.15 32.11 33.83
16:1 208" 266 ° 1.78 " 2892
18:0 15.55 2 13.94° 19.98 13.81
18:1 16.80 " 19.18 # 15.44° 226
18:2 15.04 15.85 20.40 * 15.17°
18:3 047° 0.58 2 1.89 0.67
20:0 0.91° 0.74° 0.80 0.74
20:3 2.73 2.68 3.21° 1.89"
20:4 1.32 1.88 1.65? 0.97°
20:5 0.51" 0.79 2 0.73 0.70
22:5 1.39 0.64 1.09 0.39
22:6 0.712 0.33° 0.65 0.73
24:0 2.16 1.85 2244 1.87°
24:1 2.59 2.70 2.37 2.48
Uu/Sc 0.78° 0.91* 0.91 0.95
P/S 0.40 0.44 0.54 7 041"

> Values for a fatty acid or ratio with different superscripts for a P/S group are significantly different, thus indicating a change in
the mole percent of that fatty acid or the mole percent ratio when fat intake is lowered from 40 to 20% of energy. Superscripts are
omitted when there are no significant effects.

U/S and P/S values were calculated by dividing the total moles unsaturated (U) or polyunsaturated (P) fatty acids by the total
moles saturated fatty acids.




but had no
1t regardless
e. LDL free
- the women
in any other
During both
.CE content
le HDL free
. was signifi-
.0 diet than
ed ability of
er from pe-
diet high in
inisms have
id HDI. has

cholesterol

yositions are
6 and 7 for

TEAL-PHASE

ng a change in
uperscripts are

ds by the total

TABLE 8

103

EFFECT OF DIETARY FAT REDUCTION ON HDL PHOSPHOLIPID FATTY ACYL COMPOSITION, FOLLICULAR-
PHASE DATA (FATTY ACID MOL PERCENTAGES AND U /8 AND P/S RATIOS ARE MEAN VALUES)

Acid P/S: 0.3 1.0
% Energy: 40.0 20.0 40.0 20.0
12:0 0.24 0.15 0.30 @ 0.11°
14:0 1.19 1.05 1.09 @ 0.81°
15:0 0.32° 0482 0.33 0.35
16:0 32.57° 35827 31.12 31.92
16:1 1.46 ° 2327 1.36° 1.832
18:0 16.14° 17.722 16.22 16.61
18:1 1426 ® 17.51 2 1417° 15.43 2
18:2 21132 14.94° 22.20 20.32
18:3 0.54 0.52 0.53 0.53
20:0 0.57 0.74 0.54 0.55
20:3 2.49 2.10 2.52 2.69
20:4 3.88° 1.91° 403 3.13
20:5 1.05 0.96 112 1.26
2:5 0.45 0.59 0.45 0.61
22:6 0.852 029°b 1.00 0.60
24:0 1.48 1.30 1.53 1.52
24:1 1.38® 1.85° 148" 1.75 ¢
u/s¢ 0.92 0.76 0.97 0.93
P/S 0.59® 038" 0.64 0.57

3 Yalues for a fatty acid or ratio with different superscripts for a P /8 group are significantly different, thus indicating a change in
the mole percent of that fatty acid or the mole percent ratio when fat intake is lowered from 40 to 20% of energy. Superscripts are

omitted when there are no significant effects.

moles saturated fatty acids.

the two phases of the menstrual cycle. The follicu-
lar-phase data (Table 6) show that lowering di-
etary fat significantly increased LDL phospholipid
(PL) oleate (18:1) regardiess of diet P/S. Con-
stancy of LDL-PL U/S is maintained through
compensatory increases in oleate and decreases in
linoleate (18:2). The decrease in 18:2, however,
was only statistically significant for the P/5=0.3
group. The decrease in PL linoleate probably re-
sulted from the reduced intake via the lower fat
diets, while the increased oleate is likely from de
novo synthesis or via desaturase activity from
stearate, since dietary oleate was reduced in the
low-fat diets (Table 1). The luteal-phase data (Ta-
ble 7) show a similar significant increase in oleate
regardless of dietary P/S, but the decrease in
18:2 is only seen for the P/S = 1.0 group. Stearate
{(18:0) decreased in both groups on lowering di-
etary fat but only significantly for the P/5=0.3
group. This is opposite to the effects observed

U /S and P/S values were calculated by dividing the total moles unsaturated (U) or polyunsaturated (P) fatty acids by the total

with PL stearate during the follicular phase. In the
luteal phase lipoprotein U /S increased on lower-
ing diet fat, significantly for the P/S = 0.3 group,
but lipoprotein P/S decreased for the diet P/S =
1.0 group only.

HDL phospholipid fatty acyl compositions are
given in Tables 8 and 9 for the proliferative and
secretory phases of the menstrual cycle. The pro-
liferative-phase data (Table 8) show significant
increases in stearate and oleate and significant
decreases in linoleate and arachidonate for the
P/S =0.3 group but only significant increases in
oleate for the P/S=1.0 group. The HDL-PL
follicular-phase data show significant decreases in
U/S and P/S for the P/S = 0.3 group on lower-
ing fat intake but no such changes were noted
with the women eating the P/S=1.0 diet. The
luteal-phase data for HDL PL (Table 9) show very
little change on lowering fat intake. The U /S and
P/S ratios were not affected, and the only fatty
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TABLE 9

EFFECT OF DIETARY FAT REDUCTION ON HDL PHOSPHOLIPID FATTY ACYL COMPOSITION, LUTEAL-PHASE
DATA (FATTY ACID MOL PERCENTAGES AND U/S AND P/S RATIOS ARE MEAN VALUES)

Acid P/S: 0.3 1.0
% Energy: 40.0 20.0 40.0 200
12:0 0.32 0.24 0372 0.14°
14:0 1.18 1.06 1.35° 082"t
15:0 0.39 0.47 0.37 0.34
16:0 33.74 34.02 30.70 32.40
16:1 1.59 2.07 1.65 1.92
18:0 16.66 16.43 17.14 17.01
18:1 14.70 15.95 1441° 16.23 %
18:2 19.58 18.66 22722 18.93°
18:3 0.51 0.54 0.56 0.57
20:0 0.59 0.56 0.62 0.57
20:3 2.36 2.67 2.31 2.66
20:4 3.26 3.21 2.84 2.82
20:5 1.29 0.94 1.08 1.24
22:5 0.34 0.23 0.23° 0.47 2
22:6 0.75 0.41 0.68 0.69
24:0 1.56 ° 098" 1.66 1.46
C24:1 1.76 1.69 1.33° 1.73°
u/se 0.86 0.87 0.92 0.91
P/S 0.53 0.50 0.59 0.53

ab

Values for a fatty acid or ratio with different superscripts for a P/S group are significantly different, thus indicating a change in

the mole percent of that fatty acid or the mole percent ratio when fat intake is lowered from 40 to 20% of energy. Superscripts are

omitted when there are no significant effects.

moles saturated fatty acids.

acyl changes were increased 18:1 and lowered
18:2 for the women eating the P/S = 1.0 diets.
The differences in dietary effects seen on compar-
ing the data in Tables 8 and 9 do suggest that
there is some hormonal control of HDL composi-
tion.

LDL cholesteryl ester fatty acyl compositions
are given in Tables 10 and 11 for the follicular-
and luteal-phase data respectively. The level of
unsaturation (U/S values) in the CE fraction is
substantially higher than in the PL fraction. The
follicular-phase data (Table 10), regardless of diet
P/S, show increased 16:0 and 16:1 and de-
creased 18:2 contents on lowering fat intake.
Stearate and oleate were not affected. U /S ratios
were significantly decreased at the lower-fat diet,
but P/S was significantly decreased with the
lower-fat diet for the dietary P/S=1.0 group
only. The luteal-phase data (Table 11) show al-
most no change for the P/S = 0.3 group on lower-

U/S and P/S values were calculated by dividing the total moles unsaturated (U) or polyunsaturated (P) fatty acids by the total

ing fat, but the P/S = 1.0 group data show sub-
stantial decreases in unsaturation, reflecting de-
creased 18:2 and increased 16:0 apparently not
offset by the higher 18: 1.

HDL CE fatty acyl compositions are given in
Tables 12 and 13 for the two cycle phases. There
is a distinct cycle effect, as significant decreases in
both U/S and P/S are seen regardless of diet P/S
when fat intake is lowered in the follicular phase
but not the luteal-phase data. The change in un-
saturation in the follicular-phase data reflects in-
creased 16:0 and decreased 18:2. The major ef-
fect of reducing fat intake during the luteal phase
was fo increase oleate content in the HDL CE
fraction. There were also some changes in the
longer-chain polyunsaturates (22:5 and 22:6) in
the P/S = 0.3 group.

A hormonal status effect was noted in the
linoleate content of the various fractions upon
consumption of the 40% fat, P/S = 0.3 diet. The
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relative mole percentage of 18:2 was always lower
in the luteal phase compared to the follicular
phase, in all lipid compartments examined (Tables
6-13). The drop was most pronounced in the
HDL cholesteryl ester fraction.

The factors usually associated with lipid phase
fluidity are fatty acyl unsaturation, cholesterol/
phospholipid ratios, phospholipid headgroups, and
triacylglycerol levels. Linear regression analyses
were performed to determine if there were any
significant relations between LDL or HDL fluid-
ity expressed as DPH anisotropy and several
parameters describing the level of unsaturation
including PL-P/S and CE-P/S, PL-U/S and CE-
U /S, and mole percents of 18:1, 18:2, 18:1 +
18:2. There were no consistent significant rela-
tionships between r, in either LDL or HDL and
any of these parameters whether all data were

TABLE 10
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combined or segregated in terms of either dietary
fat level, dietary P/S, or hormonal state. Linear
relations were noted in a few combinations of diet
and hormonal parameters; however, some of these
were illogical inverse fluidity-unsaturation rela-
tions. No consistent relations emerged from the
data, indicating that lipoprotein fatty acyl com-
position was not the determinant of either LDL or
HDL fluidity in this study, in contrast with our
previous work [14] showing a significant relation
between LDL fluidity and LDL PL linoleate. Re-
gression analysis did show a significant relation-
ship between LDL free cholesterol content (1.DL-
FC) and DPH anisotopy according to the follow-
ing equations: all data: r, = 0.192 + 0.00036
(LDL-FC) with P <0.0001 and r=10.348; folli-
cullar? r, = 0.190 + 0.00041 (LDL-FC) with P <
0.002, r=0400; luteal: r = 0.194 + 0.00032

EFFECT OF DIETARY FAT REDUCTION ON LDL CHOLESTERYL ESTER FATTY ACYL COMPOSITION, FOLLICU-
LAR-PHASE DATA (FATTY ACID MOL PERCENTAGES AND U/S AND P/S RATIOS ARE MEAN VALUES)

Acid P/S: 0.3 1.0
% Energy: 40.0 20.0 } 40.0 20.0

12:0 0.12 0.04 0.01 0.02
14:0 1.39 1.76 1.08 1.41
15:0 0.59 0.70 0.51 0.50
16:0 30.53° 34.79 # 28.08 © 35272
16:1 419° 6.06 2 414° 5.54 2
18:0 6.02 479 3.58 4.18
18:1 25.60 29.40 25.51 28.12
18:2 24.83 % 16.52° 28.73 ¢ 18.77°
18:3 0.74° 0.95 2 074" 1.042
20:0 021 0.34 0.08 0.24
20:3 0.20 0.13 0.17 0.15
20:4 0.56 0.30 0.59 0.36
20:5 0.30 0.27 0.40 0.36
22:5 3.16 2.33 481 2.08
22:6 1.22 1.44 1.06 1.67
24:0 0.34 0.17 0.35 0.17
24:1 0.02 0.01 0.17 0.13
u/se 1.67 1.43 2.00 # 1.44°
P/S 0.85 0.55° 111 0.62°

* values for a fatty acid or ratio with different superscripts for a P/8 group are significantly different, thus indicating a change in
the mole percent of that fatty acid or the mole percent ratio when fat intake is lowered from 40 to 20% of energy. Superscripts are

omitted when there are no significant effects.

moles saturated fatty acids.

U /S and P/S values were calculated by dividing the total moles unsaturated (U) or polyunsaturated (P) fatty acids by the total
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(LDL-FC) with P <0.02, r=0303. There were
no similar significant relations for HDL fluidity.
We may conclude from these data that, at least for
the LDL fraction, the cholesterol content was a
more significant factor than fatty acyl unsatura-
tion in the control of fluidity. This is compatible
with our earlier reports that lipoproteins from
rabbits fed corn oil were no more fluid than those
from rabbits fed the highly saturated fat cocoa
butter [49,50]. Though relationships between lipo-
protein fluidity and fatty acyl unsaturation were
not ohserved in this study we can conclude that a
hypocholesterolemic low-fat, high-P/ S, low-
cholesterol diet does yield more fluid LDL and
HDIL fractions. This study has thus demonstrated
that a hypocholesterolemic low-fat, high-P/S,
low-cholesterol diet yields more fluid LDL and
HDL fractions. It is expected that alterations in
the physical state of plasma lipoprotein lipids
would impinge upon interactions of proteins with

TABLE 11

these lipids. Such effects could either modulate
apoprotein conformation on the LDIL. or HDL
surface and thereby affect binding to lipoprotein
receptors at various tissue sites or could affect the
interactions of cell membrane proteins with lipo-
protein lipids and thus directly affect binding of
the lipoproteins to cells and thereby mediate tissue
deposition of lipids as in atherogenesis. Soutar has
suggested [51] that more fluid lipoprotein states
may impinge upon the activity of lipoprotein re-
ceptors and thereby influence the atherosclerotic
process. Ibdah and Philips [52] have studied the
effects of lipid composition on the adsorption of
apolipoprotein A-I to lipid monolayers as a model
for the interactions of the apoprotein with the
LLDL or HDL lipid phase. They reported that
binding was monolayer composition-dependent,
with binding enhanced when the lipids were in an
expanded rather than a condensed phase. Binding
to the monolayer was reduced when it contained

EFFECT OF DIETARY FAT REDUCTION ON LDL CHOLESTERYL ESTER FATTY ACYL COMPOSITION, LUTEAL-
PHASE DATA (FATTY ACID MOL PERCENTAGES AND U/S AND P/S RATIOS ARE MEAN VALUES)

Acid P/S: 0.3 1.0
% Energy: 40.0 20.0 40.0 20.0

12:0 0.10 0.20 0.01 0.01
14:0 1.71 1.75 1.04 1.24
15:0 0.74 0.67 0.44 0.49
16:0 33.73 33.68 29.98 ° 3418 ¢
16:1 4.44° 5.60 ¢ 3.85° 5.33 ¢
18:0 410 37 3.17 3.79
18:1 28.43 29.84 2595 "7 29.13¢
18:2 19.69 18.36 28.86 ° 19.76 °
18:3 0.88 0.93 0.79 0.87
20:0 0.11 0.21 0.08 023
20:3 0.15 0.13 0.55 0.13
20:4 0.47 0.31 0.25 0.32
20:5 0.35 0.40 0.40 0.31
22:5 3.84 2.42 3.33 2.51
22:6 1.02 1.40 1.07 1.54
24:0 0.16 0.37 0.18 0.13
24:1 0.08 - 0.06 0.04
U/se 1.58 1.5 1.90® 1.54°
P/S 072 0.62 1.032 0.66 "

4 Values for a fatty acid or ratio with different superscripts for
the mole percent of that fatty acid or the mole percent ratio when fat int

omitted when there are no significant effects.

moles saturated fatty acids.

U/S and P/S values were calculated by dividing the total moles unsaturated (U) or polyu

a P/S group are significantly different. thus indicating a change in
ake is lowered from 40 o 20% of energy. Superscripts are

nsaturated (P fatty acids by the total
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~ lipids that tend to reduce fluidity. Monolayers

consisting of saturated phospholipids such as dis-
tearoylphosphatidyl choline or monolayers con-
sisting of egg lecithin with added cholesterol bound
less apoprotein. Analysis of their adsorption data
suggested that lateral compressibility of a lipid
monolayer is a major determinant of the extent of
apolipoprotein adsorption. In their model the pro-
tein penetrates into the interface to occupy space
made available by concomitant compression of
phospholipid molecules. Hence the differences in
surface lipid composition and packing that exist
among various types of lipoprotein particles could
be crucial in determining the conformation and
reactivity of apoproteins and in controlling the
distribution and transfer of apolipoproteins among
various lipoprotein classes in vivo.

Paul et al. [48] discussed mechanisms of PUFA
induction of hypocholesterolemia and postulated
that a more fluid core in HDL may facilitate
cholesteryl ester internalization into HDL. There

TABLE 12
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have been several studies showing some changes in
the fine structure of lipoprotein particles in
coronary heart disease (CHD) patients. Ruuge et
al. [53] reported a disturbance in cholesterol up-
take function in hypoalphalipoproteinemia. When
HDL cholesterol content changed, there were
specific structural modifications in HDL, and
HDL, which affect the ability of these molecules
to incorporate spin-labeled fatty acids and steroids.
HDL, and HDL, from patients with coronary
atherosclerosis were reported [54] as having higher
microviscosities associated with lower phosphati-
dylcholine / sphingomyelin ratios. Spin label data
[55] demonstrated alterations in the lipid environ-
ment of HDL, and HDL, from CHD patients. It
is to be expected that modifications of lipid struc-
tures and lipid-protein interactions as evidenced
with these HDL fractions would impinge upon
their interactions with vessel walls and thus con-
tribute to atherogenesis.

The establishment of a direct clinical relation-

EFFECT OF DIETARY FAT REDUCTION ON HDL CHOLESTERYL ESTER FATTY ACYL COMPOSITION, FOLLICU-
LAR-PHASE DATA (FATTY ACID MOL PERCENTAGES AND U/S AND P/5 RATIOS ARE MEAN VALUES)

Acid P/S: 0.3 1.0
% Energy: 40.0 20.0 40.0 20.0

12:0 0.11 0.02 0.02 0.01
14:0 1.65 1.65 1.10 1.35
15:0 0.75 0n 0.57 0.64
16:0 31.60 7 36.75 3 31.84° 36.92 °
16:1 521°% 6.69 % 448° 5.48 ¢
18:0 4.50 4.89 5.02 5.83
18:1 27.22 30.24 24.74 26.99
18:2 23.05 ® 13.80 ° 24.76 * 17.51°
18:3 0.79 0.83 0.99 0.94
20:0 0.37 0.53 0.23 0.39
20:3 0.18 0.13 0.19 0.15
20: 4 0.56 2 0.35° 0.75 0.54
20:5 0.32 0.31 0.39 0.26
22:5 2.18 1.67 2.99 1.68
22:6 1.32 1.19 1.70 1.07
24:0 0.11° 0.20 % 0.15 0.22
24:1 0.09 0.05 0.06 0.04
u/se 1.59 ¢ 129° 1623 1.n’
P/S 0.75 ¢ (.43 ° 0.85% 0.54"

omitted when there are no significant effects.

moles saturated fatty acids.

b s . . . . . . . o . . . . .
*™ Values for a fatty acid or ratio with different superscripts for a P/S group are significantly different, thus indicating a change in
the mole percent of that fatty acid or the mole percent ratio when fat intake is lowered from 40 to 20% of energy. Superscripts are

U /S and P/S valugs were calculated by dividing the total moles unsaturated (U) or polyunsaturated (P) fatty acids by the total
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TABLE 13

EFFECT OF DIETARY FAT REDUCTION ON HDL CHOLESTERYL ESTER FATTY ACYL COMPOSITION, LUTEAL-
PHASE DATA (FATTY ACII> MOL PERCENTAGES AND U /S AND P/S RATIOS ARE MEAN VALUES)

Acid P/S: 0.3 1.0

% Energy: 40.0 20.0 40.0 20.0
12:0 0.01 0.01 0.01 -
14:0 1.78 1.74 1.23 1.18
15:0 0.82 0.70 0.61 0.45
16:0 35.81 35.51 33.58 33.89
16:1 491° 6.312 425" 5524
18:0 7.09 5.06 5.28 427
18:1 25.05° 29.98 # 24.05 ° 2858 2
18:2 15.67 16.70 22.89 21.73
18:3 0.84 0.81 0.95 0.80
20:0 0.34 0.33 0.30 0.30
20:3 0.19 0.15 0.16 0.14
20:4 0.98 0.36 0.70 # 0.36°
20:5 0.16 0.30 0.29 0.17
22:5 3552 0.88" 3.74 2 1.34°
22:6 2282 0.91° 1.7 1.06
24:0 0.27 0.18 0.17 0.17
24:1 0.26 0.08 0.09 0.06
U/s¢ 1.21 1.36 1.53 1.75
P/S 0.53 0.49 0.80 0.87

® Values for a fatty acid or ratio with different superscripts for a P/S group are significantly different, thus indicating a change in
the mole percent of that fatty acid or the mole percent ratio when fat intake is lowered from 40 to 20% of energy. Superscripts are

omitted when there are no significant effects.

moles saturated fatty acids.

ship between decreases in lipoprotein fluidity and
coronary heart disease is difficult, since lipopro-
tein fluidity is easily changed as diet is modified;
however, the potential harmful cardiovascular ef-
fects for an individual would be the result of
long-term dietary inadequacies. It is evident from
this study that the reduction of dietary fat led to
physical chemical changes in lipoprotein lipids
which may affect lipid-protein interactions in a
manner that ultimately protects against athero-
sclerosis.
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U/S and P/S values were calculated by dividing the total moles unsaturated (U) or polyunsaturated (P) fatty acids by the total
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